Objectives: This analysis examines the aetiology of caries development in adolescents using structural equation modelling to identify behavioural mediators of the relationship between socioeconomic status (SES) and caries incidence, and to investigate the role of sex on caries-preventive behaviour and caries.
Studies of caries in late childhood and adolescence are relatively uncommon, despite the fact that many changes in behavioural and dietary patterns occur as children become more independent. 6, 7 Many studies that aim to determine factors associated with caries development use regression models consisting of an outcome variable measuring extent of caries and a list of predictors. These models do not describe relationships among predictor variables inherent in the mechanism of caries development, limiting their practical value. Some studies have examined the relationships among cariogenic predictor variables in adolescents using structural equation modelling with similar hypotheses, but did not consider dietary variables or sex. 8, 9 We hypothesize that behavioural factors such as toothbrushing frequency, dental visit attendance and sugarsweetened beverage intake are mediators of the effects of SES on caries in adolescence, and sex could play a role in caries-preventive behaviour or caries development.
The Iowa Fluoride Study (IFS) has followed a birth cohort through adolescence, regularly collecting demographic, behavioural and dietary information, as well as conducting caries examinations.
The objective of this study was to utilize the structural equation modelling framework to assess the strength of hypothesized relationships among a number of caries predictor variables using data from the IFS.
2 | ME TH ODS
| Iowa fluoride study
After receiving University of Iowa institutional review board approval, the IFS recruited mothers and newborns from maternity wards in 8 Iowa hospitals between 1992 and 1995. Additional written consent and assent were obtained at each clinical examination.
The study methods of the IFS are described briefly here, but more detailed descriptions can be found in earlier publications. [10] [11] [12] [13] Overall, semi-annual questionnaires were collected to monitor participant diet and oral health habits such as brushing frequency and dental visit attendance. Caries in the permanent dentition, as well as demographic and behavioural variables, were assessed at clinical examinations at ages 9, 13 and 17.
| Risk factor variables
The questionnaires, sent to the participants' parents at 6-month intervals during the study period, asked about participant beverage intakes and oral health habits over the previous week, as well as whether the participant had seen a dentist in the previous 6 months.
These questionnaires were internally validated. 12 For this analysis, the percentage of daily beverage intake consisting of sugar-sweetened beverages (%SSB) was calculated using questionnaire responses. For each participant, %SSB and daily toothbrushing frequency were averaged over 2 groups of questionnaires-the first for ages 13, 13. 
| Outcome variables
Caries examinations were carried out at ages 9, 13 and 17 by trained and calibrated dental examiners using a portable dental chair, mouth mirror and examination light, where each tooth surface was examined for fillings and cavitated caries. The number of decayed and filled surfaces on the permanent incisors and first molars was determined from the age 9 examination. Adjusted DFS increments (or adjusted caries increments, ADJCI) were calculated according to Beck et al 14 for ages 9-13 and 13-17.
| Statistical analyses
For a structural equation model (SEM), proposing variables and associations and subsequently estimating coefficients and assessing model fit is a multistep process. First, the pertinent latent variables and the causal relationships between them are hypothesized, and estimation of the parameters in the proposed model is conducted.
Typically, reformulation of the SEM is necessary. Goodness-of-fit measures are used to ensure that the model is not poorly specified.
In this manuscript, "relationship" is used to refer to hypothesized causal associations. Due to the observational nature of our study, these hypothesized causal associations should be interpreted cautiously.
Initially, a simple model was proposed including 3 broadly defined The proposed model is the result of this reformulation process.
In SEM, latent variables allow for the representation of unobservable constructs and the dimension reduction of longitudinal data.
In this analysis, the means and variances of the latent variables were fixed to 0 and 1, respectively, to ensure model identifiability.
In SEMs, path coefficients quantify the relationship between 2 variables. Unstandardized path coefficient estimates and their standard errors were calculated using the sem function in Version 0. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] of the lavaan package 15 in R. 16 Unstandardized path coefficient estimates were obtained using robust diagonally weighted least squares as derived by Muth en 17, 18 and implemented in lavaan. This estimation method is recommended for non-normal and categorical variables. 19 Unstandardized path coefficients depend on the units of measured variables, while standardized path coefficients do not. As the model contains variables with different units, standardized path coefficient estimates were also calculated using the lavaan package.
Ordinal, count and continuous variables were used in this analy- Two models were compared during the multiple imputation process:
a model based on only complete cases (n = 344) who had information for all measured variables and a model based on multiply imputed data derived using all participants with caries examinations conducted at ages 9, 13 and 17 (n = 413).
Finally, model fit was assessed using the chi-square goodness-offit test and the root mean square error of approximation (RMSEA).
Detailed discussion of these fit indices is in the references. 19 The chi-square test statistic and the RMSEA are goodness-of-fit criteria with smaller values corresponding to better overall fit. The RMSEA is a more refined version of the chi-square test statistic, which is frequently reported but has limitations-primarily that the probability of rejecting the test statistic is strongly related to the sample size. 19 
| RESULTS
There were 413 participants with caries examinations at ages 9, 13 and 17. There were 69 participants with missing data for at least one of the other measured variables in the model. Summary statistics for the measured variables included in this analysis are presented in Table 1 . Most participants' families had middle or high SES (77.2%) at participant birth, and 48.1% of households had incomes ≥$80 000 in 2007. The sample was 53% female. Daily brushing frequency and %SSB remained relatively consistent between ages 13 and 17. However, ADJCI was highest from age 13 to 17. Weighted kappas were used to assess interexaminer reliability for classification of sound, noncavitated caries and cavitated/filled caries at the surface level. For all teeth examined at approximate ages 9, 13 and 17, these kappa statistics were 0.82, 0.62 and 0.62, respectively.
The proposed model presented in Figure 1 has 3 major components: SES variables, behavioural variables and caries variables. Children from high-SES backgrounds consistently have less caries. 4, 5, 8, 9 Also, studies outside the United States which examine the effect of early-life SES on adolescent caries have shown that higher SES early in life is associated with less caries or better oral health during adolescence 23, 24 . Therefore, it was proposed that participants from high-SES households were likely to have less caries directly (due to 
Behavioural variables Mean (SD)
Proportion of questionnaire responses with dental attendance in the previous 6 months (n = Adjusted DFS increment ages 9-13 (n = 413) 0.7 (1.7)
Adjusted DFS increment ages 13-17 (n = 413) 2.1 (3.3)
factors not accounted for by the proposed model) and indirectly (through improved oral health habits and lower sugar-sweetened beverage intake). Also, SES at birth and during adolescence should play a role in caries and caries-preventive behaviours. There is some evidence for higher SSB intakes and lower dental visit attendance among children with low-SES backgrounds. 25, 26 There has been some study of the association between SES and oral health habits such as toothbrushing for U.S. adolescents, which suggests that brushing is associated with SES, 27 but earlier results from the IFS have shown little association. 28 These proposed indirect relationships are also viable to consider because of the known associations of toothbrushing and SSB intake with caries. 2, 3, 8 This indirect relationship could also reflect the life course hypothesis that SES early in life influences oral health beliefs and behaviours later in life, as suggested by Broadbent et al. 9 The direct relationship between eating events per day and caries was also modelled. Eating frequency has been associated with caries in young children. 29 Although there is not sufficient evidence for a consensus, some evidence of sex differences in caries incidence have been observed in the literature, with females having greater caries experience than their male counterparts. [30] [31] [32] [33] [34] Therefore, it was hypothesized that factors related to being female were associated with more caries, and a direct relationship between sex and ADJCI was considered. We also hypothesized behavioural differences between male and female participants by including a path from participant sex to each of the behavioural variables in the model (eating events per day, oral health habits and % SSB) based on the literature showing significant differences in sweetened soft drink intake and breakfast eating frequency between sexes. 35 In the measurement model, the ADJCI latent variable was defined using baseline DFS count for permanent teeth at age 9 and 2 ADJCIs (9-13 and 13-17) for the permanent teeth only. The %SSB latent variable was defined using 2 measured variables which quantified %SSB intake during the 2 periods, and the oral health habits latent variable was defined using 2 measured variables which quantified daily brushing frequency over 2 periods, as well as dental attendance between ages 13 and 17. Note that the covariance between the error terms for the 2 daily brushing frequency variables was free to vary. Latent variables represent the variability common to a group of measured variables, and there was some variability shared by the 2 brushing frequency variables which was not shared with the dental visit attendance variable. The covariance term accounts for variability common to the 2 brushing frequency variables due to repeated measures, but not shared by the dental visit attendance variable. Table 2 .
The results presented in Figure 1 there is not a consensus in the literature. [30] [31] [32] This possible difference could be due to earlier tooth eruption in females, differences in dental care utilization, hormonal changes during puberty and genetic differences. 30, 31, 33, 34 To get a more complete picture of the causal pathway for caries However, there are some important limitations to this analysis.
First, the IFS is limited to one geographical region (Iowa). Second, participants with lower SES were more likely to leave the study before late childhood and adolescence, and these participants were not included in the multiple imputation procedure, which could lead to bias. Third, other factors, such as fluoride exposures aside from dentifrice, the use of sealants and the presence of cariogenic bacteria, have been shown to play a role in the development of caries, 36,37 but were not included in this analysis. Fourth, robust diagonally weighted least squares estimation assumes the existence of an underlying "latent" continuous variable that is manifest in each categorical variable and that this continuous variable is approximately normally distributed. Our analysis included many participants with moderate to high SES and fewer participants with low SES, and this skewness could lead to bias in the estimated path coefficients.
However, based on simulation studies, this estimation technique is robust to moderate skewness of the underlying continuous variable. 19 Finally, there is some controversy surrounding the use of SEMs with observational data which propose causal hypotheses. 19, 20 The proposed model was hypothesized based on substantive knowledge, and causality cannot be established from this analysis, in part due to model reformulation and the use of observational data.
However, no single study can establish causality. 20 Instead, this study confirms results of previous studies and provides a better conceptualization of the relationships among variables which are simply classified as predictors in other modelling frameworks.
Few authors have used SEM to examine SES and behavioural factors associated with caries incidence. Polk et al 8 found that lower SES led to higher caries incidence in Pennsylvania high school students. They observed differences in brushing frequency, use of sealants and frequency of dental attendance with changes in SES, but changes in these mediating factors were not associated with differences in caries prevalence. Broadbent et al 9 used SEM to investigate the hypothesis that SES during childhood (ages 3-15) influences SES during adolescence and adulthood (ages 15, 26, 32) , as well as oral health attitudes and behaviours in adolescence and adulthood and that these oral health attitudes and behaviours would then influence caries and oral health-related quality of life into adulthood. In their final model, they found that nearly all hypothesized paths were statistically significant. In our analysis, female participants had more caries despite better oral health behaviours, described by higher toothbrushing frequency and more frequent dental visit attendance.
Examination of the direct relationship between childhood SES and caries later in life or differences between male and female participants by Polk et al 8 and Broadbent et al 9 could have allowed for better comparison between these models and the current analysis.
Based on the relationships evident in this analysis, improved dietary and oral health habits could potentially lead to lower caries rates in late childhood and adolescence. After accounting for these behaviours, SES appears to play less of a role in caries development than previously thought. However, the effect of SES could be mediated by factors not considered in this model, such as overall diet quality and food availability. 38 In addition, preventive programmes might need to account for differences in caries preventive behaviours and caries between males and females, which could start in adolescence or even late childhood. Confirming the results of previous studies, children and adolescents from low-SES backgrounds should be the focus of caries-preventive programmes.
Additional studies using SEM are needed to verify this study's findings. Future studies with a less homogenous sample, especially in terms of SES, and models which include other risk factors, such as the presence of cariogenic bacteria or more detailed information on behavioural factors such as the effectiveness of brushing, could address many limitations of our study and lead to a stronger conclusion.
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